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Recovery of biodiversity in degraded forests 
Humans are altering the composition and structure of biological 
communities through a variety of activities that increase rates of species 
invasion and species extinctions. These changes in biodiversity lead to 
ethical and aesthetic concerns, but also have a strong potential to alter 
ecosystem properties and the goods and services that biodiversity provides 
to humanity (Hoopper et al. 2005). Increasing evidences are available on 
the effects of biodiversity on ecosystem services such as productivity, 
carbon storage, hydrology, nutrient cycling, and providing habitats for 
wildlife (e.g., Tilman et al. 1996; Hoopper et al. 2005).  
In forest communities, forests with higher species diversity, compared 
to even-aged managed plantations, may also provide a broader array of 
ecosystem functions, such as maintaining the hydrological cycle, sustaining 
and/ or increasing primary production, storing and cycling nutrients, 
reducing negative effects of global warming, and enhancing wildlife 
habitats, (Lugo 1997; Garcia-Gonzalo et al. 2007; Ohsawa 2007; 
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Steffan-Dewenter et al. 2007; Smith et al. 2008; Lei et al. 2009; Taki et al. 
2010; Seiwa et al. 2012; Seiwa 2013). Thus, the recovery of species 
diversity in forest ecosystems has become an increasingly important goal of 
forest management (Hansen et al. 1991; Roberts & Gilliam 1995; Lugo 
1997; Simberloff 1999; Hooper et al. 2005; Brockerhoff et al., 2008; 
Widenfalk & Weslien 2009; Seiwa et al. 2012a, b; Seiwa 2013).  
Since recent studies suggest that sustainability of forest ecosystems is 
closely related to species diversity, recovery of species diversity is an 
important management goal, and it is essential that they understand the 
mechanisms creating the species diversity of forest ecosystems.   
 
Hypotheses explaining species diversity 
In plant communities, a substantial number of hypotheses have been 
presented to explain species diversity. In forests, it was thought that species 
diversity is mainly created by abiotic factors such as heterogeneity of light, 
water, and nutrients, which are closely related to topography and gap 
creation. Such resource-based niche partitioning model has been 
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intensively studied in a wide rage of forest communities in both tropical 
and temperate regions (e.g., Denslow 1980; Bazazz 1996).  
In addition, recent studies have demonstrated that species diversity is 
strongly influenced by biotic factors (Bardgett & Wardle 2010). Particularly, 
the interaction between plants and soil organisms regulate plant 
performance (van der Putten et al. 2013). Plants can influence soil 
organisms mainly by providing habitats and resources, while changes in the 
property caused by plants, in turn, influence the plant performance, are 
termed “plant-soil feedbacks” (PSF; Bever et al. 1997). PSF is an 
under-explored factor that can determine plant abundance, persistence, 
invasion, succession, and diversity (Bever 1994, 2003; Callaway et al. 
2004b; Kardol et al. 2007).  
Although a growing number of studies have examined niche 
partitioning model and PSF model independently, how and the extent to 
which the PSF model is affected by niche partitioning remain uncertain, 
particularly in forest ecosystems. 
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Variable patterns in distance-dependent seedling survival  
Process in early phase of plant recruitment (i.e. seed dispersal, seed 
survival, seedling establishment) have an important role in determining the 
population dynamics and subsequent diversity of plant communities 
(Harper 1977; Howe & Smallwood 1982; Hubbell 1980; Nathan & 
Casagrandi 2004). Substantial number of studies have clearly revealed that 
seed density rapidly declines with distance from the parent plants (Harper 
1977; Howe & Smallwood 1982), but patterns of seed and seedling 
survival and the resulting establishment patterns are considerably variable 
(e.g., McCanny & Cavers 1987; Condit et al. 1992; Hammond & Brown 
1998; Nathan et al. 2000; Diekie et al. 2007; Yamazaki et al. 2009). The 
variable distance-dependent seedling survivorship patterns have been 
classified into following three distinct patterns; survivorship increases, 
declines or does not vary (Fig. 1-1; Nathan & Casagrandi 2004). However, 
it has not been fully explored how and why the recruitment patterns change 
with distance, because variable abiotic- and biotic factors affect the 
survivorship curves in natural ecosystems. 
 




Fig. 1-1. Three patterns of distance-dependent seedling survival 
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Negative- and positive plant-soil feedback  
One of the most influential model explaining distance-dependent 
recruitment patterns was proposed by Janzen (1970) and Connell (1971). 
They predict that number of seeds dispersed decreases while seed and 
seedling survival increases with distance from the parent plant, resulting in 
that recruit density is low near adults despite high density of dispersed 
seeds, mainly due to the strong negative effect of natural enemies (e.g., 
herbivores, pathogens), which attack the juveniles in positive-distance 
and/or negative-density dependent manner, enhancing plant replacement 
and species diversity [Janzen –Connell (J-C) model]. In a large number of 
tree populations, density- and distance-dependent analyses of microbial 
pathogens and invertebrate or vertebrate herbivores support the J–C model 
for tropical (e.g., Augspurger 1983; Gilbert 2005; Bell et al. 2006) and 
temperate forests (Packer & Clay 2000; Masaki & Nakashizuka 2002; 
Tomita et al. 2002; Kotanen 2007; Seiwa et al. 2007; Yamazaki et al. 2008; 
Konno et al. 2011).  
Recently, the J-C model has been also explained in the context of 
plant-soil feedback (Fig. 1-1; Bever et al. 1997; Bardgett & Wardle 2010; 
~ 10 ~ 
 
van der Putten et al. 2013). Negative plant-soil feedback (PSF) develops 
when antagonistic soil-organisms (e.g., soil borne pathogens, herbivores) 
reduce host-plant performance, particularly for conspecifics, enhancing 
plant replacement and subsequent species diversity (Barrett et al. 2009).  
Beneath an adult, PSF model also proposed development of positive 
PSF. positive PSF modify the resource access via transfer of resources 
through shared fungal symbionts (e.g., mycorrhizal fungi), facilitating plant 
growth and frequently monopolizing the plants in a local habitat (Bever et 
al. 2010). Recent studies suggest that positive PSF is strongly 
distance-dependent; ectomycorrhizal (ECM) infection to seedlings is high 
near conspecific trees, but low infection at distant from the trees, resulting 
in distance-dependent decrease in seeding survival and growth (Fig. 1-1; 
Dickie & Reich 2005; Dickie et al. 2007b).   
However, it remains uncertain whether arbuscular mycorrhizal (AM) 
fungi colonize on tree seedling in distance-dependent manner. If so, it 
needs to explore how and the extent to which AM fungi affect on seedling 
performance in different distances. 
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Relative importance of negative and positive PSF 
In natural ecosystems, the direction and strength of PSF usually depends on 
the relative negative effects of accumulating antagonistic soil-organisms vs. 
the relative positive effects of accumulating mutualistic soil microbial 
symbionts (Reinhart & Callaway 2006; Bever et al. 2010). In herbaceous 
plant communities, Klironomos (2002) clearly revealed that relative 
importance of antagonistic- and mutualistic soil organisms strongly 
determined plant performance and subsequent species diversity. 
In forest communities, however, the relative importance has not been 
elucidated, although each of negative- and positive-PSF has been 
investigated in separate studies independently. Furthermore, little is known 
how the relative importance changes with distance from adults. 
 
Environmental conditions and direction of PSF 
Although abiotic environments such as light, water and nutrient are 
strongly heterogeneous in space and time in forest ecosystems (e.g., Seiwa 
& Kikuzawa1996; Lechowicz et al. 2000), most of previous studies have 
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examined the PSF in homogenous environmental conditions in each of 
shaded forest understory or in light gaps, separately. Negative-PSF have 
been usually observed in shaded forest understory (e.g, Augspurger 1983; 
Seiwa et al. 2007; Yamazaki et al. 2009), whereas positive PSF have been 
observed only in light gaps or forest edge (e.g., Hood et al. 2004; Dickie et 
al. 2007). It remains unknown how and the extent to which heterogeneity 
of environmental conditions alters the direction and strength of PSF. To 
fully explore the role of the distance-depending mechanisms of PSF, it 
needs concurrent studies under heterogeneous conditions (for example, 
along gap-understory continuum). 
 
Aims of the study 
In this study, we explored how and the extent to which the direction and 
strength of PSF change with distance from conspecific adults under 
different light conditions (i.e. forest understory vs. canopy gaps) in a 
temperate forest by conducting a reciprocal seed-sowing experiment. We 
investigated percent colonization of mycorrhizal fungi, seedling mortality, 
mortality agents (e.g., dumping-off pathogens, leaf diseases, herbivores) 
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and seedling growth for conspecific and heterospecific seedlings in 
different distance from conspecific adults of two hardwood tree species, 
Quercus serrata and Acer mono in each of forest understory (FU) and 
canopy gaps (gaps). Specifically, we addressed the following questions: 
 
1. How and the extent to which light conditions changes the direction and 
strength of plant-soil feedbacks (PSF)? 
2. Do the direction and strength of PSF change in distance-dependent 
manner?  
3. How dose the direction of PSF affect on species diversity? 
4. Are there any relationships between PSF model and niche partitioning 
model? If so, how PSF model affect on niche partitioning model? 
  
2. Materials and methods  
 
Study species 
The two focal tree species, Quercus serrata and Acer mono were deciduous 
broad-leaf tree species, common in temperate forests of Japan. Q. serrata is 
a shade-intolerant and early-successional species, which are usually 
~ 14 ~ 
 
regenerated in large and small gaps (Ishizuka & Sugawara 1989; Abe et al 
1995). Q. serrata is an ectomycorrhizal (ECM) type tree. A. mono is a 
shade-tolerant and late-successional species which usually regenerates in a 
wide range of light conditions from shaded forest understories to light 
abundant gaps (Ishizuka & Sugawara 1989; Abe et al 1995; Seiwa & 
Kikuzawa 1996; Seiwa et al. 2006). A. mono is an arbuscular mycorrhizal 
(AM) fungi type tree. As these species belong to different genera, we 
hereafter refer to them by their genus names. 
 
Study site 
This study was conducted in a deciduous broad-leaved forest in the 
experimental forest of Field Science Centre (FSC) of Tohoku University in 
northeastern Japan (38°48° N, 140°44° E, altitude 500–610 m). Mean 
annual temperature and rainfall were 10.2℃ and 1429.5mm, respectively. 
The maximum snow depth is approximately 1.0 m during winter 
(December-April). Trees in the forest have re-established after clear-cutting 
60 years ago.  
In the forest, we selected a study plot (approximately 2ha, 200 m ×100 
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m). In which, a forest (200×50m) dominated by Querucs adjoins a forest 
(200×50m) dominated by Acer. In the study plot, straightedge was 
delimited at the boundary between Quercus and Acer dominated forests. 
Six parallel transects (60×15m), separated by more than 20m, were 
established perpendicular to the boundary (Fig. 2-1). Each transect located 
on the center of the boundary, and extended 30m into the interior of each of 
the Quercus and Acer dominated forests. In this study, hereafter, the area in 
the Quercus and Acer dominate forests are referred to Quercus area and 
Acer area, respectively. In each transect, we measured diameter at breast 
height (DBH) ≥1cm for all woody plants and mapped. In randomly selected 
three transects, we felled all the trees and shrubs, creating gaps in 2011(Fig. 
2-2). All the trees and shrubs felled were removed to outside of the 
quadrats. 
  











Fig. 2-1.  In the study plot (approximately 2ha, 200 m ×100 m), a forest 
dominated by Quercus serrata (200×50m) adjoins a forest dominated by 
Acer mono (200×50m). In the study plot, straightedge was delimited at the 
boundary between Q. serrata and A. mono forests. Six parallel transects 
(60×15m), separated by more than 20m, were established perpendicular to 
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Reciprocal seed sowing experiment 
In Oct. 2011, seeds of each of Quercus and Acer were sown in three 
quadrats (35×45cm) at four different distances (0m, 5m, 15m and 25m) 
from the boundary of the forests into the interior of both Quercus and Acer  
area in both forest understories (FU; n=3) and canopy gaps (gaps; n=3;  
Fig. 2-2). The number of seeds sown in each quadrate was 25 and 40 for 
Quecus and Acer, respectively. The quadrats was replicated three times at 
each of seven distances (three in Quercus area + three in Acer area + one at 
the boundary of the two area) in three replicated transects in each of the 
two sites (i.e. FU, gaps). Total number of seeds sown was 3150 and 5040 
for Quercus and Acer, respectively. Seedling survival and causes of the 
mortality were measured in the two quadrats at each distance, while 
seedling mass and colonization of ECM and AM were measured for the 
seedlings from all the three quadrats. To avoid severe seed predation by 
small mammals (e.g., wood mice) during the winter, the quadrats were 
covered by 0.2 × 0.2 cm mesh nets buried to a depth of 10 cm (Fig. 2-3). 
The height of the nets was 10 cm. These nets were removed when seedlings 
started to emerge in the following spring.   
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Fig. 2-2. Photo of the study plot showing one of three replicates of each of 
forest understory (FU) and canopy gaps (gaps). Gaps were created by 


















Fig. 2-3. Experimental design of  the reciprocal seed-sowing experiment. 
Seeds of Quercus serrata (n=25) and Acer mono (n=40) were sown in each 
of three quadrates (35×45cm) at four different distances (0m, 5m, 15m and 
25m) from the boundary of the two forests dominated by each of Q. serrata
and A. mono to the interior of each forest in both forest understories (FU; 
n=3) and canopy gaps (gaps; n=3).
A quadrate sowing seeds 
of Quercus serrata
A quadrate sowing seeds 
of Acer mono
~ 20 ~ 
 
Mortality of seeds and seedlings 
All causes of the mortality were investigated for all the seeds and seedlings 
during the period from the time of seed sowing to the time of the end of the 
first growing season. Most of the seeds were predated by vertebrate 
herbivores in Quercus but not in Acer (see Results). In Acer, un-germinated 
seeds in the soil were collected as many as possible after completing the 
seedling emergence on 23 May 2012. The causes of seed death were 
classified as follows: (1) invertebrate herbivores: seeds death caused by 
predation of invertebrate herbivores; (2) diseases: the seeds were cultured 
in 10cm dish containing autoclaved water at 20℃ incubator during 1~3 
weeks. Then, seeds diseases were identified by using microscope at 
10×magnification. The symptoms and signs were determined following 
Agrios (1997) and Horst (2001).  
In both the focal species, all newly emerged seedlings were tagged in 
each quadrat and monitored for survivorships and causes of mortality. The 
measurements started on 23 May 2012, immediately after snow melt, and 
were repeated weekly or bi-weekly until 6 September. Total number of 
seedlings emerged was 356 and 631 for Quercus and Acer, respectively.  
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The causes of seedling mortality were classified as follows: (i) 
damping-off diseases (initial necrosis near the soil level, leaf wilt, and 
finally, lodging from the weakened stem), (ii) leaf-diseases; the diseases 
were identified by using microscope at 10×magnification (Agrios 1997, 
Horst 2001), (iii) invertebrate herbivores (seedling death caused by 
predation of hypocotyls, > 80% of leaf area, and/or roots), (iv) vertebrate 
herbivores (severing of main stems by mammals such as wood mice [e.g., 
Apodemus speciosus, A. argenteus], rabbits, and Japanese serows). We 
distinguished symptoms of vertebrates from those of pathogens and 
invertebrates on the strength of the traces of mammals such as the shape of 
the teeth, cut edge, animal droppings and turned soil by mammals, (iv) 
physical damage (uprooting, drying, fallen branches and snow pressure), 
(v) unknown. 
 
Seedling mass and relative growth rate 
On 26 September 2012, all the seedlings were harvested at all the three 
quadrates in each distance in both FU and gaps in the total of 334 and 605 
for Quercus and Acer, respectively. At harvest, the seedlings were removed 
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from the ground by hand and cutlas, and care was taken to collect as many 
roots belonging to a seedling as possible. The roots were cleaned with 
water. The dry mass of each part was determined from materials dried at 
70ºC for 48 h. 
 
Colonization of mycorrhizal fungi 
For intact root system, seedlings were immersed in a bucket of water and 
were gently agitated to remove most of the soil. Ultrasonic water bath was 
used to clean intact root samples. After washing the soil, root samples were 
kept moist in plastic bags and refrigerated (approx. 4℃) for measurement 
of ECM and AM colonization.  
To measure ECM colonization, fine roots of Quercus seedlings were cut 
into 1~3 cm sections, gridline intersection method was conducted by using 
dissecting microscope at 10×magnification to count ECM roots for 
randomly selected root tips (n> 40). ECM root tips were identified based on 
shape, color, branching pattern to five types: (1) white, (2) brown smooth, 
(3) white smooth, (4) brown and (5) black (Fig. 2-4). 
  




Fig.  2-4. The roots colonized by ecto-mycorrhizal fungi: (a) type1: white, (b) 
type 2: brown  smooth, (c) type3: white smooth, (d)  type 4: brown,  (e) type 5: 
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In December 2012, seedlings of Acer was sampled to determine the occurrence 
and extent of colonization of AM, the roots were cleared in 10% potassium 
hydroxide at 90°C for 1~2 h depending on root thickness and degree of 
pigmentation. Care was taken to ensure that the root cortex remained intact 
even after prolonged heating. Root samples were then bleached in alkaline 
hydrogen peroxide for 15~20 min, acidified in 2% hydrochloric acid, and 
stained at 90°C for 10 minute in trypan blue in lacto glycerol as modified 
(Phillips & Hayman, 1970). Root samples were destained in 50% glycerol and 
multiple (>15), 1~2 cm segments of root from each plant were mounted on 
slides and viewed under a compound microscope at 200× magnification 
(McGonigle et al. 1990). The presence of AM fungal structures was scored for 
150 intersections of root and reticle line per plant. Assessing mycorrhizal root 
segments can be done a compound microscope with an eye-piece cross-hair 
which is moved to randomly selected positions (McGonigle et al. 1990). This 
allows the length of roots colonized by arbuscule, coil and vesicle (Fig. 2-5). 
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Fig. 2-5. The roots colonized by arbuscular mycorrhizal fungi: 
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Micro-environmental conditions 
To estimate the environmental light conditions in which seedlings were 
growing, hemispherical photo-graphs were taken with a fish-eye camera 
(Nikon, F8 mm) at a height of 0.3 m above the ground at a quadrate in each 
distance from the boundary in each of the three replicates in both the sites 
(FU and gaps) on 3 September 2012. Photographs were converted to 
computer data, and canopy openness (%) was computed using Gap-light 
analyzer (GLA) version 2.0 (Frazer et al. 1999). Soil water content was 
estimated using soil tensiometers (DIK-311A, Daiki Rika Kogyo Co. Lid.) 
attached theTheta-Probe type ML2 (Delta-T Devices Co. Lid.) at 3 points 
near quadrate of each distance in each of the three replicates in both the 
sites (FU and gaps) on August 2012, at least three days after light rainfall 
(5mm). 
We also collected soil cores (5×5cm) in mid-August near quadrate of 
each distance in each of the three replicates in both the sites (FU and gaps). 
We measured soil pH and concentration of soluble phosphate P2O5, 
nitrogen (N) and carbon (C) in the soil. Soil pH was measured after mixing 
10 g of soil with 25 ml of distilled water; it was stirred and allowed to 
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equilibrate for 1 h before being measured with a pH meter (Corning pH 
meter 140, Halstead, Essex, UK).  
 
Data analysis 
To evaluate the effects of sites (FU vs. gaps) and distance (distance from 
the area dominated conspecific species) on the micro-environmental 
conditions (i.e. canopy openness, soil water content, soil pH, concentration 
of soluble phosphate P2O5, N and C in the soil), seedling mortality, percent 
colonization of mycorrhizal fungi (i.e. ECM, AM) and seedling mass, the 
generalized linear model (GLM) was used, after selecting the model with 
the lowest AIC values (Venables & Ripley 2002). To evaluate the effects of 
percent infection of mycorrhizal fungi and micro-environmental conditions 
on the seedling biomass (dry mass), GLM was also used, after selecting the 
model with the lowest AIC values (Venables & Ripley 2002). We used R 
version 2.5.1 (R development Core team 2007) 
To evaluate the effects of plant-soil feedbacks (PSF) on the probability 
of replacement of tree species (i.e. replacement of conspecific by 
heterospecific seedlings), we calculated PSFreplacement at each distance by 
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using two parameters (i.e. seedling survival, seedling dry mass) as 
following two equations. 
PSFreplacement (surv) = ln ((SA+1)/(SQ+1)) 
where SA and SQ are mean seedling survival in each distance for Acer and 
Quercus, respectively (Kliromomus 2002; Mccarthy-Neumann & 
Ines-Ibanez 2013). 
PSFreplacement (mass) = ln ((MA+1)/(MQ+1)) 
where MA and MQ are mean seedling dry mass in each distance for Acer and 
Quercus, respectively (Kliromomus 2002; ; Mccarthy-Neumann & 
Ines-Ibanez 2013). 
To evaluate how PSF change with distance from conspecific adults 
(area), we calculated PSFdistance at each distance by using two parameters 
(i.e. seedling survival, seedling dry mass). PSFdistance was calculated for 
each species, separately. 
For Acer: PSFdistance (surv) = ln ((SA(i)+1)/(SA(con25)+1)) 
For Quercus: PSFdistance (surv) = ln ((SQ(i)+1)/(SQ (con25)+1)), 
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For Acer: PSFdistance (mass) = ln ((MA(i)+1)/(MA(con25)+1)) 
For Quercus: PSFdistance (mass) = ln ((MQ (i)+1)/(MQ (con25)+1)), 
where SA(i) and SQ(i) are mean seedling survival in a given distance i, (i= -25, 
-20, -15, -5, 0, 5, 15, 25m), and SA(con25) and SQ (con25)  are mean seedling 
survival at 25m far from boundary in conspecific area for Acer and 
Quercus, respectively. MA(i) and MQ(i) are mean seedling mass in a given 
distance (i), and MA(con25) and MQ (con25) are mean seedling dry mass at 25m 
far from boundary in conspecific area for Acer and Quercus, respectively.   
 
 3. Results 
 
1) Relative abundance of tree species of different types of 
mycorrhizal fungi in Acer area and Quercus area 
In Quercus area, ECM type tree species (mainly Quercus) was dominated 
throughout the distances from the boundary (Fig. 3-1). Tree species of both 
AM type and erricoide types were also observed, although the total 
abundance was less than 30% of all the tree species. In contrast, AM type  
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Fig. 3-1. Relative percentage of basal area of trees in each ectomycorrhizal- (ECM), 
arbuscular- (AM) and erricoide fungi in each distance from the boundary between 
Quercus area and Acer area. Tree species of ECM type includes Quercus serrata, 
Acer amoenum, A. distylum, A. micranthum, A. rufinerve, A. sieboldianum, Aesculus
turbinata, Clethra barbinervis, Eleutherococcus sciadophylloides, Fraxinus
lanuginosa, Hamamelis japonica, Hydrangea paniculata, H. petiolaris, Ilex 
macropoda, Kalopanax pictus, Lindera umbellata, Magnolia obovat, Padus
grayana, Prunus grayana, P. sargentii, P. verecunda, Rhus ambigua, R. trichocarpa, 
Sorbus alnifolia, S. japonica, Swida controversa, S. macrophylla, Ulmus davidiana, 
Viburnum dilatatum, V. furcatum and Vitis coignetiae. Tree species of AM type 
includes Acer mono, Betura grossa, Carpinus laxiflora, Fagus crenata, Pinus
densiflora, Quercus crispula and Vaccinium oldhamii. Tree species of AM type 
includes Enkianthus campanulatus, E. perulatus and E. sp..
~ 31 ~ 
 
trees (mainly Acer) was dominated throughout the distances from the 
boundary in the Acer area.  
 
2) Micro-environmental conditions 
In the study site, canopy openness (%) was significantly lower in FU (10.0 
± 0.63, average ± SE, n=3) than in gaps (29.7 ± 0.49, n=3), but was not 
different between distances (Table 3-1, Fig. 3-2a). Each of soil- C, N and 
P2O5 was higher in Acer than in Quercus area in both FU and gaps, and was 
also higher in FU than in gaps in each distance (Table 3-1, Fig. 3-2d, e, f.). 
Soil pH was not different between the two sites (FU and gaps) and between 
distances (Table 3-1, Fig. 3-2b). Soil water contents was higher in Acer 
than in Quercus area in both FU and gaps, but was not different between 
the two sites (Table 3-1, Fig. 3-2c). 
 
3) Seed and seedling mortality 
a) Seed and seedling mortality in Quercus serrata  
In Quercus, the seeds (i.e. acorns) were predated or removed immediately 
after removing the wire mesh. Epicarp fragments of the arcorns and tunnel  
  












Table 3-1. GLM results for the effects of site (FU vs. gaps) and distance from the 
boundary between Quercus and Acer area into the interior of each area on 
environmental variables in the study site. 















Environmental variable Site (FU vs.gaps) Distance Site × Distance 
Estimate Z value Estimate Z value Estimate Z value 
Canopy openness 21.654 20.718*** 0.044 1.753 -0.083 - 2.342* 
Soil water content -0.278 - 0.183 0.084 2.321* -0.044 - 0.857 
C concentration in soil -5.571 - 3.399** 0.158 4.025** 0.057 0.326 
N concentration in soil -0.267 - 3.049* 0.011 5.294*** 0.002 0.830 
P2O5 concentration in soil -177.080 - 2.750* 6.651 4.322** 4.697 2.158 
Soil pH 0.062 0.300 0.002 0.456 0.002 0.277 
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Fig. 3-2. Micro-environmental conditions in each distance from the boundary of 
Quercus and Acer area in FU and gaps.  (a) canopy openness (%); (b) soil pH; (c) water 
content in soil (%); (d) carbon concentration in soil (%); (e) nitrogen concentration in 
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in soil were observed within and near the quadrats, indicating that 
vertebrate herbivores (mainly wood mice) were major killing agents. In FU, 
40.0-72.6% of the seeds and more than 98.8% of the seedlings were killed 
by the vertebrates, and the percent mortality was not different between 
distances (Table 3-2; Fig. 3-3a, b). As a result, more than 98.8% of the 
juveniles (i.e. seeds + seedlings) were killed by vertebrates (Fig. 3-3e).  
Seedling mortality caused by vertebrates was lower in gaps than in FU 
irrespective of distances (Table 3-2; Fig. 3-3d). Seedling death caused by 
damping-off was observed only in Acer area (Fig. 3-3d), resulting in 
statistical significance in distance (Table 3-2). 
 
b) Seed and seedling mortality in Acer mono  
In FU, both seed mortality caused by diseases and seedling mortality 
caused by leaf-disease were higher in Acer than in Quercus area, whereas 
the reverse was true for seedling mortality caused by leaf-disease in gaps 
(Figs. 3-4d; 3-5), resulting in significant interaction between site and 
distance (Table 3-2). Seedling mortality caused by dumping-off pathogens 
was not different between sites and distance (Table 3-2; Figs. 3-4d, 3-6).  
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Table 3-2. Results of GLM analysis in the effects of distance, Site (FU vs. gaps) and 
interaction (Site × Distance) on seed and seedling mortality in each of Quercus serrata 
and Acer mono. 





 Q. serrata A. mono 
Agents causing death Effects Estimates Z value Estimates Z value 
Seed mortality      
(i) Seed disease Site ― ― -5.221 - 2.556** 
 Distance ― ― -0.129 - 2.324 ** 
 Site × Distance  ― ― 0.161 1.678* 
(ii) Total  Site -54.429 - 6.616 *** -5.328 - 2.255** 
 Distance -0.086 - 0.436 -0.122 - 3.789** 
 Site × Distance 0.516 1.856 0.132 1.386* 
Seedling mortality      
(i) Damping-off Site 4.653 2.579* -0.032 - 1.170 
 Distance -6.879e-17 0 0.006 0.372 
 Site × Distance -0.119 - 1.959 -0.001 - 0.956 
(ii) Leaf disease Site ― ― 0.041 1.586 
 Distance ― ― -0.035 - 1.905 
 Site × Distance ― ― 0.002 3.049 ** 
(iii) Invertebrate Site ― ― -9.297 - 4.810*** 
 Distance ― ― -0.183 - 3.982** 
 Site × Distance ― ― 0.172 2.640* 
(iv) Vertebrates Site -0.429 - 0.045 -12.090 - 2.639* 
 Distance 0.082 0.359 -0.223 - 2.042 
 Site × Distance -0.455 - 1.411 0.229 1.476 
(v) Total Site 6.683 0.671 -45.827 - 3.191** 
 Distance 1.082 4.547** -0.751 - 2.189 
 Site × Distance -0.584 - 1.736 1.954 4.024** 


















































Fig. 3-3. Percentages of seeds (a, b) and seedlings (c, d)  killed by each agent during the 
first growing season, and total mortality (e, f) in Acer mono in forest understory (FU; a, c, 
e) and in canopy gaps (gaps; b, d, f) in different distances from the boundary of Quercus-
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Fig. 3-4. Percentages of seeds (a, b) and seedlings (c, d)  killed by each agent during the first 
growing season, and total mortality (e, f) in Acer mono in forest understory (FU; a, c, e) and in 
canopy gaps (gaps; b, d, f) in different distances from the boundary of Quercus and Acer  area 





























































Fig. 3-5. A leaf-disease caused by  Pestalotia sp. in the seedling 










Fig. 3-6. Seedling death of  Acer mono caused by damping-off    
pathogens (a). A damping-off pathogen, Collectotrichum sp. 
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Seedling mortality caused by invertebrates was greater in FU than in gaps, 
particularly in Acer compared to in Quercus area, resulting in significant 
interaction (Table 3-2; Figs. 3-4c, d). 
As a result, total mortality in each of seeds and seedlings was higher in 
Acer than in Quercus area in FU (Fig. 3-4a, c). In contrast, the seedling 
mortality was higher in Quercus than in Acer area in gaps, although little 
difference was observed in seed mortality. As a result, significant 
interactions between site and distance were observed for both seed and 
seedling mortality (Table 3-2; Fig. 3-4a-d).  
 
c) Seed diseases in A. mono 
The seeds of Acer were killed by a total of 18 species of pathogenic fungi 
in FU and gaps, respectively (Fig. 3-7). In FU, seed mortality caused by 
Fusarium sp1 was higher in Acer than in Quercus area (Figs. 3-7, 3-8), but 
little differences were observed in gaps for the remainder of the fungal 
species. 
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Fig. 3-7. Frequency (Occurrence) of  seed diseases, which killed seeds of A. mono in 

































Fusarium sp . Chaetomium sp .
Fig. 3-8. Seed death caused by pathogenic fungi in  Acer mono.
Symptoms of seed diseases caused by Fusarium sp (a, c, e) and 
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4) Seedling mass and colonization of mycorrhizal fungi 
In both the two species studied, both seedling mass and percent 
colonization of mycorrhizal fungi (ECM for Quercus and AM for Acer) 
were usually greatest in conspecific area and decreased with increasing the 
distance from the boundary to the interior of heterospecific area in gaps 
(Fig. 3-9a, b). In FU, both seedling mass and percent colonization of AM 
were extremely low irrespective of the distance from the boundary for Acer, 
while no data was available for Quercus, due to the severe predation by 
wood mice. 
   In Quercus, seedlings dry mass increased with increasing the percent 
colonization of ECM in gaps (Fig. 3-10a). In A. mono, seedlings dry mass 
increased with increasing the percent colonization of AM fungi in gaps (Fig. 
3-10c), while no clear tendency was observed in FU (Fig. 3-10b). 
 
5) AM colonization and damage by pathogens and leaf-disease 
In Acer, seedlings mortality caused by damping-offs significantly decreased 
with increasing the colonization of AM, when the data was pooled across 
FU and gaps (Fig. 3-11a). In gap, seedlings mortality caused by 
leaf-diseases significantly decreased with increasing the colonization of 
AM (Fig. 3-11b). These traits suggest that AM colonization may reduce the  













Fig. 3-9. Seedling dry mass (a) and percent colonization of mycorrhizal fungi (b: ecto-
mycorrhizal fungi, ECM and arbuscular mycorrhizal fungi, AM for Quercus serrata and 
Acer mono, respectively) in different distances from the boundary of Quercus and Acer 
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y = 0.0132x - 0.0286
R² = 0.2856
P < 0.001
（ n =360 ）
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Fig. 3-10. Relationship between percent colonization of ECM and seedling dry mass for the 
seedlings of Quercus serrata (a). Relationships between percent colonization of AM and seedling 

















Fig. 3-11. Relationship between colonization of arbuscular mycorrhizal (AM) fungi and 
seedling mortality caused by damping-off pathogens in both forest understory (FU) and 
canopy gaps (gaps, a) and leaf disease in gaps (b) in Acer mono.
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seedling mortality caused by the damping-off pathogens and leaf-diseases.  
 
6) Strength of plant-soil feedbacks (PSF) 
a) PSFreplacement 
In FU, PSFreplacement (surv) were highly positive in both Quercus and Acer area, 
and was slightly greater in Quercus than in Acer area (Fig. 3-12, a). 
Because more than 98.8% of Quercus seedlings were killed by wood mince 
in both the area, and seedling survival of Acer was greater in Quercus than 
in Acer area. The traits suggest that replacement of Quercus by Acer may 
be facilitated in both conspecific and heterospecific area, and the 
replacement may be highly completed in Quercus area in FU. 
In gaps, on the contrary, both PSFreplacement (surv) and PSFreplacement (mass) were 
greatest at the interior of Acer area, and usually decreased with increasing 
the distance from the boundary to the interior of Quercus area, in which 
negative PSF was observed (Fig.3-12, b, c). The traits indicate that seedling 
performance is much greater for conspecific compared to heterospecific 
seedlings in both Quercus and Acer area for both the species, generating 
little replacement in gaps.   
  




































































Fig. 3-12. Strength of plant-soil feedbacks. PSFreplacement (surv) = [ln( (seedling survival 
of  A. mono +1) / (seedling survival of Q. serrata + 1)] in forest understory (FU: ●, a) 
and canopy gaps (gaps: ○, b). PSFreplacement (smass) = [ln( (seedling dry mass of  A. 
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b) PSFdistance 
For Acer in FU, PSFdistance (surv) was approximately zero in Quercus area, but 
decreased with increasing the distance from the boundary into the interior 
of Acer area, in which negative values were observed (Fig.3-13, a), while 
PSFdistance (mass) was approximately zero in both the area (Fig.3-13, b). The 
traits suggest that seedling performance of Acer decreased with increasing 
the distance from boundary into the interior of Acer area in FU. 
In gaps, by contrast, both PSFdistance (surv) and PSFdistance (mass) were 
positive and greatest in conspecific area, but decreased with increasing 
distance from the boundary into the interior of heterospecific area for both 
Quercus and Acer seedlings (Fig. 3-13; b, d). 
 
7) Relative importance of mycorrizal fungi and environmental 
abiotic conditions on seedling mass in gaps 
In Quercus, most important factor enhancing the seedling mass was ECM 
colonization, followed by P concentration in the soil, whereas water 
contents and N concentration in soil reduced the seedling mass (Fig.3-14). 
Both ECM colonization and water contents in soil were negatively 
correlated with the distance from conspecific area, whereas soil C and N 
were positively correlated with the distance from conspecific area. 
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Fig. 3-13. Strength of plant-soil feedbacks. PSF distance (surv) = [ln( (survival of  A. mono or
Q. serrata seedling in each distance) / (survival of Quercus or Acer  seedlings at 25m in 
heterospecific area + 1)] in FU (●, a) and gaps (○ b). PSF distance (mass) = [ln( (seedling dry 
mass of  A. mono or Q. serrata seedling in each distance +1) / (seedling dry mass of Quercus
or Acer area at 25m in heterospecific area + 1)] in FU (●, c) and gaps (○, d).















































2 Q. serrata in gaps
A. mono in gaps























Seedlings of Quercus serrata
Fig. 3-14. Results of generalized linear model (GLM). The figure shows relationships 
between seedling dry mass, ectomycorrhizal fungi (ECM) colonization, environmental 
conditions (canopy openness, %;  soil pH; water content in soil, %; carbon concentration in 
soil, %; nitrogen concentration in soil, %; phospor concentration in soil, mg/kg) and distance 
from conspecific area. Width of line indicate the extent of influence derived from the values 
of AIC in GLM.  



















Seedling of Acer mono
Fig. 3-15. Results of generalized linear model (GLM). The figure shows relationships 
between seedling dry mass, arbuscular mycorrhizal fungi (AM) colonization, environmental 
conditions (canopy openness, %;  soil pH; water content in soil, %; carbon concentration in 
soil, %; nitrogen concentration in soil, %; phospor concentration in soil, mg/kg) and distance 
from conspecific area. Width of line indicate the extent of influence derived from the values 
of AIC in GLM.  
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In Acer, most important factor enhancing the seedling mass was AM 
colonization, followed by N and P concentration and water contents in the 
soil in gaps, whereas C concentration and soil pH reduced the seedling 
mass (Fig.3-15). All of the biotic factor (i.e. AM colonization) and biotic 
factors (i.e. soil N, P2O5, C, pH, water contents) were negatively correlated 
with the distance from Acer area. 
In this analysis, N and P concentration in soil enhanced the colonization 
of the mycorrhizal fungi for both Acer and Quecus. However, it has been 
well known that infection of mycorrhizal fungi (ECM, AM) is strongly 
inhibited by high N and P concentraion (Lilleskov et al. 2002; Treseder 
2004; Wright et al. 2009; Cox et al. 2010). The discrepancy of the results 
may be due to that the concentration of N and P in the soil of the 
experimental site was not high so as to inhibit the colonization of the 
mycorrhizal fungi.   
 
 4. Discussion 
 
In the reciprocal seed-sowing experiment for two hardwood species in 
different light conditions, we clearly revealed that the environmental light 
conditions strongly changed the direction and strength of plant soil 
feedbacks (PSF) through changing the relative influence of pathogenic- and 
~ 54 ~ 
 
mycorrhizal fungi on seedling performance. 
  
Light conditions changes the direction and strength of PSF 
 
In forest understory, seed and seedling mortality of Acer mono was higher 
in the Acer area (i.e. a forest dominated by A. mono) compared to the 
Quercus area (i.e. a forest dominated by Q. serrata), due mainly to severe 
attack of seed diseases, leaf-diseases and invertebrates particularly in 
conspecific area. The traits suggest that these biotic killing agents attack the 
host in species-specific manner, generating negative PSF.  
In gaps, in contrast, both the Q. serrata and A. mono showed greater 
seedling survival in the area of conspecific adults compared to in the area 
of heterospecific adults. We also found that higher colonization of 
arbusculer mycorrhizal (AM) fungi reduced seedling mortality caused by 
each of dumping-off pathogens and leaf disease in A. mono. These traits 
suggest that a greater activity of AM fungi in the conspecific area enhance 
the seedling survival by protecting the attack of the pathogens, particularly 
for conspecifics, suggesting a host-specificity in the AM fungi. In gaps, 
however, we observed dense herbaceous vegetation particularly in Acer 
area. Since most of herbaceous plants grow symbiotically with AM fungi, 
abundant AM fungi in Acer area, in turn, may enhance the colonization of 
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AM fungi to the seedling of A. mono, enhancing the seedling survival and 
growth. To clarify whether the AM fungi show the host-specificity or not, 
relative contribution of AM fungi derived from conspecific adults 
compared to that from herbaceous plants should be examined. 
Cross-inoculation experiments should be also needed.  
In gaps, we also found that seedling mortality caused by dumping off 
pathogens was observed only in the interior of Acer area, where 
colonization of ECM was very low. The trait also suggest the ECM have, to 
some extent, an ability to defend host seedlings against pathogens in 
species-specific manner. 
In gaps, colonization of mycorrhizal fungi (i.e. ECM to Q. serrata , AM 
to A. mono) enhanced seedling growth particularly in the area of 
conspecific rather than heterospecific area. In gaps, since abundant light 
usually facilitates carbon acquisition of the seedlings, much more carbon 
would be translocated from the seedlings to the mycorrhizal fungi, 
facilitating the colonization of mycorrhizal fungi. Which may also, in turn, 
translocate much greater amount of nutrients and water to the host 
seedlings. In gaps, thus, the enhancement of seedling growth by 
mycorrhizal fungi in host-specific manner would generate positive PSF.  
Our reciprocal seed sowing experiment in contrasting light conditions  
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clearly revealed that negative PSF was observed only in forest understory, 
whereas positive PSF was observed only in gaps. These traits strongly 
suggest that PSF usually change according to light conditions. 
 
Distance-dependent changes in direction and strength of PSF 
In FU, seed and seedling mortality of A. mono was usually greatest in the 
Acer area, but decreased with increasing the distance from the boundary to 
the interior of Quercus area. Such distance dependent seedling mortality 
was mainly caused by the distance-dependent attack of natural enemies 
(e.g., dumping-offs, foliar diseases, invertebrate herbivores). The traits 
have been well known as Janzen-Connell model in both tropical and 
temperate forests (Packer and Clay 2000; Yamazaki, Iwamoto & Seiwa 
2009). Our study also suggests that the Janzen-Connell model (i.e. 
distance-dependent negative PSF) is valid in shaded forest understory, as 
suggested by Augspurger (1984) and Hood et al. (2004).  
   In gaps, by contrast, we found that the seed and seedling mortality of 
both Q. serrata and A. mono were usually lowest in the conspecific area 
(i.e. beneath conspecific adults) but increased with increasing the distance 
from the boundary to the interior of heterospecific area (i.e. beneath 
heterospecific adults). The traits indicate that positive PSF decreases with  
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increasing the distance from conspecific adults in light abundant gaps. 
These facts suggest that direction and strength of PSF change in 
distance-dependent manner, although the direction of PSF changes 
according to environmental light conditions.  
In gaps, seedling mass of Q. serrata was greatest beneath Quercus area 
but decreased with distance from the boundary to the interior of Acer area, 
due mainly to distance-depending colonization of ECM. Such 
distance-dependent colonization of ECM and subsequent 
distance-dependent seedling growth and survival have been reported in a 
temperate forest in north America（Dickie & Reich 2005; Dickie et al. 
2007b）. Our study, furthermore, revealed that seedling mass of A. mono 
was also greatest beneath conspecific area but decreased with distance from 
the boundary to the interior of heterospecific area, due mainly to 
distance-depending colonization of AM fungi. The fact was first 
observation of distant-dependent colonization of AM fungi and subsequent 
distant-dependent seedling performance in forest ecosystems.  
 
Direction of PSF and species diversity  
 
In shaded forest understory, A. mono showed higher seedling survival  
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compared to Q. serrata in Quercus area, mainly due to escaping from 
pathogenic fungi for A. mono and severe herbivore predation for Q. serrata. 
The traits suggest that seedlings of Q. serrata would be replaced by A. 
mono in the forest dominated by Q. serrata, generating species richness in 
the forest.  
  In Acer area, seedlings of A. mono were severely attached by pathogenic 
fungi, reducing seedling survival, while seedlings of Q. serrata also 
severely attacked by wood mice, because wood mice have a wide range of 
habitats and attack the seedlings in non distance-dependent manner. 
Although Q. serrata showed high mortalities even in the Acer area in this 
experiment, a reciprocal seed-sowing experiment previously showed that 
seedling survival of heteropspecifc was much greater compared to 
conspecifics beneath adults for several hardwood species in shaded forest 
understory (Yamazaki 2010). These traits suggest that negative PSF is 
usually observed beneath conspecific adult in shaded forest understory, and 
the negative PSF may enhance the replacement of conspecific by 
heterospecific seedlings, generating species diversity. 
On the contrary, in gaps, seedling performance (i.e. seedling growth 
and survival) was greater for Q. serrata compared to A. mono in the area of 
Quercus, whereas seedling performance was greater for A. mono compared 
to Q. serrata in the area of Acer. The traits suggest that seedling 
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establishment of hardwood species would be facilitated beneath and near 
the conspecific adults in light abundant gaps, monopolizing the tree species, 
reducing the species diversity. 
These contrasting facts between FU and gaps strongly demonstrate 
that changes in the direction of PSF according to light conditions strongly 
affects on the species diversity in forest communities in cool temperate 
regions. 
 
Relationship between PSF and niche partitioning model  
 
In this study, the experiment examining plant-soil feedback (PSF) was 
conducted under heterogeneous environmental resource conditions. Thus, 
we can explore the relative importance of biotic factors (PSF model) and 
abiotic factors (niche partitioning model) on the mechanisms (i.e. driving 
forces) creating species diversity in natural forest ecosystems. In this study, 
we clearly revealed close relationships between PSF and niche partitioning 
model, because niche portioning model is strongly and directly supported 
by plant-soil feedbacks.  
In the experiment, seedling performance (i.e. seedling growth, 
seedling survival) was strongly affected by biotic factors (pathogenic fungi, 
mychorrizal fungi, herbivores), generating plant-soil feedbacks (PSF), 
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while direction and strength of PSF was remarkably influenced by the 
environmental abiotic factors, particularly by the light conditions. These 
traits suggest that plant performance may be indirectly influenced by 
spatially changing environmental resources (i.e. niche partitioning model) 
but directly affected by the relative influence of antagonistic- and 
mutualistic organisms, although both of which are, in turn, strongly 
affected by environmental conditions.    
Although most of previous studies have explored the species diversity 
in plant community by testing niche partitioning model and PSF model 
independently, the study strongly demonstrates that PSF and niche 
partitioning are not mutually exclusive mechanisms, but operate together in 
structuring community dynamics and creating tree species diversity. 
 
5. Summary  
 
1) In forest communities, feedback with microbes plays a key role in 
determining the plant performance, replacement and species diversity. 
Although there is a growing body of knowledge in each of negative 
feedback with antagonistic microbes (e.g., pathogenic fungi) and positive 
feedback with symbiotic microbes (e.g., arbuscular mycorrhizal fungi: AM 
fungi; ecto-mycorrhizal fungi: ECM fungi), relative importance has not 
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been fully elucidated in natural forests, particularly in spatially 
heterogeneous environments.  
 
2) We established 6 experimental transects, in each of which, a forest 
dominated by a hardwood species, Quercus serrata, was adjacent to a 
forest dominated by Acer mono. Canopy gaps (gaps) were created by 
felling all the trees and shrubs in a half of the six transects. Seeds of both 
species were sown at four different distances (0m, 5m, 15m and 25m) from 
the boundary of the forests in both the forests dominated by conspecific 
and heterospecific species in both forest understory (FU; n=3) and gaps 
(n=3). 
 
3) In FU, seeds and seedlings mortality was higher beneath conspecific  
compared to heterospecific adults in A. mono, due to severe attack of 
pathogenic fungi, while most of the seeds were predated by wood mice 
beneath both conspecific and heterospecific adults in Q. serrata. In gaps, 
seedling growth and survival were usually greater in the forests dominated 
by conspecific compared to heterospecific adults in both the species, 
because of greater colonization of ECM and AM fungi to Q. serrata and A. 
mono seedlings, respectively. Higher percentage of infection was also 
observed near compared to far from the conspecific adults. The results 
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suggest that relative importance of pathogenic and mycorrhizal fungi 
change according to light conditions (FU vs. gaps), presence (or absence) 
of conspecifics, and distance from conspecifics. 
 
4) In shaded forest understory, A. mono showed higher seedling survival 
compared to Q. serrata in Quercus area, enhancing the replacement and 
subsequent species richness in the forest. On the contrary, in gaps, seedling 
performance (i.e. seedling growth, seedling survival) was greater in the 
conspecific area for both the species, monopolizing the tree species, and 
reducing the species diversity. The changes in the direction of PSF 
according to light conditions strongly affects on the species diversity of 
forest communities in cool temperate regions. 
 
5) In both the species studied, seedling performance was strongly affected 
by biotic factors (pathogenic and mycorrhizal fungi), generating plant-soil 
feedback (PSF), while direction and strength of PSF was remarkably 
influenced by the environmental abiotic factors, particularly by the light 
conditions. These traits suggest that plant performance may be indirectly 
influenced by spatially changing environmental resources (i.e. niche 
partitioning model) but directly affected by the relative influence of 
antagonistic- and mutualistic organisms, although both of which are, in turn, 
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